In this paper, natural convection from vertical cylinders with inclined plate fins is investigated experimentally for use in cooling electronic equipment. Extensive experimental investigations are performed for various inclination angles, fin numbers, and base temperatures. From the experimental data, a correlation for estimating the Nusselt number is proposed. The correlation is applicable when the Rayleigh number, inclination angle, and fin number are in the ranges 100,000-600,000, 30˝-90˝, and 9-36, respectively. Using the correlation, a contour map depicting the thermal resistance as a function of the fin number and fin thickness is presented. Finally, the optimal thermal resistances of cylinders with inclined plate fins and conventional radial plate fins are compared. It is found that that the optimal thermal resistance of the cylinder with inclined fins is 30% lower than that of the cylinder with radial plate fins.
Introduction
Heat dissipation from electronic devices increases considerably with continuous needs for high performance, cost effective, and miniaturized electronic devices [1] [2] [3] . The high power dissipation from the electronic device raises the junction temperature of the device, which adversely influences the overall performance and durability of the device. One example is a light-emitting diode (LED), the efficiency of which is significantly reduced as the junction temperature increases due to an increase in the nonradiative recombinations through defect states and an increase in the leakage of carriers from the quantum well [4, 5] . Therefore, thermal management of electronic devices is important to maintain their performance and durability [6, 7] . Various cooling techniques for thermal management have been suggested; among these, natural convective heat sinks have proven to be appropriate because of their outstanding simplicity, reliability, and low cost [8] .
Many studies have focused on natural convective heat sinks, as reviewed in Martynenko and Khramtsov [9] and in Raithby and Hollands [10] . In particular, many previous researchers investigated natural convection from cylindrical heat sinks, which are cylindrical bodies with fins attached. These studies are motivated by the fact that the heat dissipation from the cylinder can be increased by using the fins. Sparrow and Bahrami investigated heat transfer from square vertical fins attached to a horizontal tube by using the naphthalene sublimation technique [11] . Chen and Chou also conducted an experimental study of horizontal cylinders with square vertical fins [12] . Yildiz and Yüncü suggested a Nusselt number correlation for annular fin arrays mounted on a horizontal cylinder from their experimental data [13] . Hahne and Zhu also suggested a Nusselt number correlation for horizontal cylinders with annular fins from measured heat transfer coefficients [14] . Recently, vertical cylinders with vertically oriented radial plate fins, as shown in Figure 1 , are widely used for used for cooling LED lighting. For natural convection from these cylinders with radial plate fins, an empirical correlation for estimating the Nusselt number was proposed by our group [15] . Heat transfer through inclined fins is currently of considerable interest. Takeishi et al. investigated convective heat transfer in rectangular ducts with inclined pin fins. They showed that ducts with inclined pin fins have higher thermal performance compared to those with normal pin fins because of the low pressure loss and the extended area of inclined pin fin surfaces [16] . Hagote and Dahake investigated heat transfer from vertical plates with inclined plate fins under natural convection. They demonstrated that the average heat transfer coefficient is maximized when the inclination angle is 60° [17] . From these studies, we can expect that the thermal performance of vertical cylinders with radial plate fins ( Figure 1 ) will be further enhanced by employing inclined plate fins as shown in Figure 2 . It is mainly because the fin surface area of the vertical cylinder with inclined fins is greater compared to that with radial plate fins when the space reserved for the heat sink is fixed, i.e., the heat sink length L and the height H are fixed. However, to the best of our knowledge, the natural convection from vertical cylinders with inclined plate fins has not been experimentally investigated yet. As a result, there is no reliable experimental data by which one can obtain the Nusselt numbers, and there is no way to obtain the thermal resistance of vertical cylinders with inclined plate fins quantitatively. Therefore, the degree of improvement in the performance of cylinders with inclined plate fins compared to that of cylinders with conventional radial plate fins, and the conditions under which this improvement is achieved, are not clear. Heat transfer through inclined fins is currently of considerable interest. Takeishi et al. investigated convective heat transfer in rectangular ducts with inclined pin fins. They showed that ducts with inclined pin fins have higher thermal performance compared to those with normal pin fins because of the low pressure loss and the extended area of inclined pin fin surfaces [16] . Hagote and Dahake investigated heat transfer from vertical plates with inclined plate fins under natural convection. They demonstrated that the average heat transfer coefficient is maximized when the inclination angle is 60˝ [17] . From these studies, we can expect that the thermal performance of vertical cylinders with radial plate fins ( Figure 1 ) will be further enhanced by employing inclined plate fins as shown in Figure 2 . It is mainly because the fin surface area of the vertical cylinder with inclined fins is greater compared to that with radial plate fins when the space reserved for the heat sink is fixed, i.e., the heat sink length L and the height H are fixed. However, to the best of our knowledge, the natural convection from vertical cylinders with inclined plate fins has not been experimentally investigated yet. As a result, there is no reliable experimental data by which one can obtain the Nusselt numbers, and there is no way to obtain the thermal resistance of vertical cylinders with inclined plate fins quantitatively. Therefore, the degree of improvement in the performance of cylinders with inclined plate fins compared to that of cylinders with conventional radial plate fins, and the conditions under which this improvement is achieved, are not clear. used for cooling LED lighting. For natural convection from these cylinders with radial plate fins, an empirical correlation for estimating the Nusselt number was proposed by our group [15] . Heat transfer through inclined fins is currently of considerable interest. Takeishi et al. investigated convective heat transfer in rectangular ducts with inclined pin fins. They showed that ducts with inclined pin fins have higher thermal performance compared to those with normal pin fins because of the low pressure loss and the extended area of inclined pin fin surfaces [16] . Hagote and Dahake investigated heat transfer from vertical plates with inclined plate fins under natural convection. They demonstrated that the average heat transfer coefficient is maximized when the inclination angle is 60° [17] . From these studies, we can expect that the thermal performance of vertical cylinders with radial plate fins ( Figure 1 ) will be further enhanced by employing inclined plate fins as shown in Figure 2 . It is mainly because the fin surface area of the vertical cylinder with inclined fins is greater compared to that with radial plate fins when the space reserved for the heat sink is fixed, i.e., the heat sink length L and the height H are fixed. However, to the best of our knowledge, the natural convection from vertical cylinders with inclined plate fins has not been experimentally investigated yet. As a result, there is no reliable experimental data by which one can obtain the Nusselt numbers, and there is no way to obtain the thermal resistance of vertical cylinders with inclined plate fins quantitatively. Therefore, the degree of improvement in the performance of cylinders with inclined plate fins compared to that of cylinders with conventional radial plate fins, and the conditions under which this improvement is achieved, are not clear. The purpose of this study is to investigate natural convection cooling of vertical cylinders with inclined plate fins. Extensive experiments for various inclination angles, fin numbers, and base temperatures were conducted. From these results, a Nusselt number correlation is suggested. Using the correlation, a contour map depicting the thermal resistance as a function of the fin number and fin thickness is presented. Finally, the thermal resistances of cylinders with inclined plate fins and conventional radial plate fins are compared.
Experimental Investigation
The thermal resistances of natural convective heat sinks with inclined plate fins were measured for various inclination angles, fin numbers, and base temperatures. Schematic diagrams of the heat sinks are presented in Figure 2a , and the dimensions of the heat sinks are listed in Table 1 . Eleven different heat sinks were used to cover a wide range of inclination angles and fin numbers. In Table 1 , the heat sink with large fin number (N = 36) and large inclination angle (α = 90˝) was excluded because the adjacent fins touch and bend each other in this heat sink because the space required for a single fin was insufficient for this case. An annular cylinder base and inclined fins for the heat sinks were made of aluminum alloys 6061 (k = 167 W/mK) and 5052 (k = 138 W/mK), respectively. The heat sinks were assembled by interference fitting of the fins and base. Then, a cartridge heater was inserted into the inner hole of the base (Figure 3a) . A thermal interface material (TC 5080; Dow Corning: Auburn, MI, USA) was used to minimize the contact thermal resistance between the heat sink base and the heater. The supporting cylindrical blocks, the length of which was 200 mm, were made of Teflon to minimize the heat loss from the top and bottom sides of the base (Figure 3b ,c). Power was supplied to the heater from a power supply (E3633A; Agilent Technologies: Santa Clara, CA, USA) in the range 2-45 W. To calculate the actual heat transfer rate to the heat sink, the heat loss through the supporting blocks (q loss,1 + q loss,2 in Figure 3b ) was measured and subtracted from the electric power supplied to the heater (Appendix A). To measure the base temperature, four T-type thermocouples were circumferentially attached to the cylinder (Figure 3d ) A data acquisition unit (34970A DAQ; Agilent Technology) was used to acquire the signals from the thermocouples and convert them into temperature data. The temperatures were measured until the change in the temperature was smaller than˘0.1˝C in a 2 min period. The experiments were performed in an isolated and quiescent room. 
Results and Discussion
The difference between the heat sink base temperature (Tw) and the ambient temperature (Tamb) for various inclination angles (α), fin numbers (N), and heat inputs (q) is shown in Table 2 and Figure  4 . From these experimental data, the thermal resistance of the heat sink can be calculated as 
The difference between the heat sink base temperature (T w ) and the ambient temperature (T amb ) for various inclination angles (α), fin numbers (N), and heat inputs (q) is shown in Table 2 and Figure 4 . From these experimental data, the thermal resistance of the heat sink can be calculated as In Equation (1), the thermal resistance R th is defined as the difference between the heat sink base temperature and the ambient temperature per unit heat transfer rate. The calculated thermal resistance values are listed in Table 2 . The uncertainties of the calculated thermal resistances are also listed. As shown in Table 2 and Figure 4 , the thermal performance of the inclined plate fin heat sink is minimized when α = 60˝and N = 36. According to Figure 3 in [15] , the thermal resistance of the conventional radial plate fin heat sink is also minimized when N = 36. In Figure 5 , the minimal resistances measured from the inclined plate fin heat sink (α = 60˝, N = 36) in the present study are compared with those from the radial plate fin heat sink (N = 36) in [15] . Figure 5 shows that the inclined plate fin heat sink has thermal resistances up to 10% lower than those of the radial plate fin heat sink. [15] . Figure 5 shows that the inclined plate fin heat sink has thermal resistances up to 10% lower than those of the radial plate fin heat sink. On the basis of the fin model, the thermal resistance can be calculated as follows:
where η, h, Af, and Ab are the fin efficiency, heat transfer coefficient, fin surface area, and unfinned surface area, respectively. compared with those from the radial plate fin heat sink (N = 36) in [15] . Figure 5 shows that the inclined plate fin heat sink has thermal resistances up to 10% lower than those of the radial plate fin heat sink. On the basis of the fin model, the thermal resistance can be calculated as follows:
where η, h, Af, and Ab are the fin efficiency, heat transfer coefficient, fin surface area, and unfinned surface area, respectively. On the basis of the fin model, the thermal resistance can be calculated as follows:
where η, h, A f , and A b are the fin efficiency, heat transfer coefficient, fin surface area, and unfinned surface area, respectively. 
3)
Energies 2016, 9, 391
of 15
Here, A c and p are the fin cross-sectional area and fin perimeter, respectively.
The fin height H f is given as a function of α, D, and H:
D h is the hydraulic diameter of the channel between two adjacent fins, i.e., the yellow region in Figure 2b , and can be calculated from the area A ch and the wetted perimeter p ch of the channel:
The Nusselt number Nu Dh can be calculated from Equations (2)- (10) once the thermal resistance is obtained from the experimental data. The calculated Nusselt numbers are listed in Table 2 .
In the present study, the Nusselt number correlation, which match best with the experimental data, is developed. In the case of the heat sinks with vertical fins under natural convection, the Nusselt number correlations were generally developed as functions of a Rayleigh number Ra Dh . For example, Welling and Woodridge [8] suggested a Nusselt number correlation for rectangular vertical fins on the flat surface in the form of
where the Rayleigh number Ra Dh is defined as
Similarly, Karagiozis et al. [18] used the average fin spacing as the hydraulic diameter, and suggested a correlation for triangular vertical fins on the flat surface in the form of Equation (11) . In the present study, to reflect the effect of the inclination angle on the heat transfer coefficient, the Equation (11) is modified as
Here, g, β f , ν f , and α f are the gravitational acceleration, volume expansion coefficient of fluid, kinematic viscosity of fluid, and thermal diffusivity of fluid, respectively. We tested various functional forms for the function f in Equation (13), and finally found that the functional form
is matched best with the experimental data. The best empirical coefficients for predicting the Nusselt numbers are determined using a least-squares fit on the experimental data:
Finally, the correlation of the Nusselt number for the vertical cylinders with inclined plate fins under natural convection is given as In Figure 6 , the Nusselt numbers calculated from Equation (16) are compared with those obtained from experimental data for various Rayleigh numbers. Figure 6 shows that the Nusselt number correlation is in good agreement with the experimental data within a˘10% error. This correlation is valid in the ranges 100,000 < Ra Dh < 600,000, 9 < N < 36, and 30˝< α < 90˝, within which the experimental data were obtained. In addition, though the correlation is developed only for the inclined fin heat sinks, this correlation can predict the Nusselt numbers of the radial fin heat sinks (α = 0) within a˘30% error (Appendix B).
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Finally, the correlation of the Nusselt number for the vertical cylinders with inclined plate fins under natural convection is given as 
In Figure 6 , the Nusselt numbers calculated from Equation (16) are compared with those obtained from experimental data for various Rayleigh numbers. Figure 6 shows that the Nusselt number correlation is in good agreement with the experimental data within a ± 10% error. This correlation is valid in the ranges 100,000 < RaDh < 600,000, 9 < N < 36, and 30° < α < 90°, within which the experimental data were obtained. In addition, though the correlation is developed only for the inclined fin heat sinks, this correlation can predict the Nusselt numbers of the radial fin heat sinks (α = 0) within a ± 30% error (Appendix B). In Figure 7 , as the fin number increases, the thermal resistance decreases. It is mainly because the fin surface area increases as the fin number increases. As shown in Figure 8 , the thermal resistance is minimized when the inclination angle is 60°. Thermal resistance of the inclined fin heat sink with the inclination angle of 60° is smaller than that of 30°, because the fin surface area is greater. The inclined fin heat sink with the inclination angle of 60° has slightly smaller thermal resistance compared to that of 90°. It is because the amount of heat transfer suppression caused by the boundary layer overlap decreases with an increase in the fin-to-fin spacing [15] and the fin-to-fin spacing of the inclined fin heat sink with the inclination angle of 60° is larger than that of 90°. Next, a contour map that depicts the thermal resistance as a function of the fin number and fin thickness by using the proposed correlation is presented in Figure 9 . This contour map covers the range of 9 < N < 36, within which the experimental data were obtained. The contour map shows that the thermal resistance decreases as the fin number decreases. This is because, as the fin number increases, the effective surface area, ηNAf + Ab, of the heat sink increases rapidly (Figure 10a ), while the heat transfer coefficient h decreases slowly (Figure 10b) . At the maximum fin number (N = 36, along the line AA' in Figure 9 ), the thermal resistance is minimized at a certain fin thickness. This is because, when N = 36, as the fin thickness In Figure 7 , as the fin number increases, the thermal resistance decreases. It is mainly because the fin surface area increases as the fin number increases. As shown in Figure 8 , the thermal resistance is minimized when the inclination angle is 60˝. Thermal resistance of the inclined fin heat sink with the inclination angle of 60˝is smaller than that of 30˝, because the fin surface area is greater. The inclined fin heat sink with the inclination angle of 60˝has slightly smaller thermal resistance compared to that of 90˝. It is because the amount of heat transfer suppression caused by the boundary layer overlap decreases with an increase in the fin-to-fin spacing [15] and the fin-to-fin spacing of the inclined fin heat sink with the inclination angle of 60˝is larger than that of 90˝. Next, a contour map that depicts the thermal resistance as a function of the fin number and fin thickness by using the proposed correlation is presented in Figure 9 . This contour map covers the range of 9 < N < 36, within which the experimental data were obtained. The contour map shows that the thermal resistance decreases as the fin number decreases. This is because, as the fin number increases, the effective surface area, ηNA f + A b , of the heat sink increases rapidly (Figure 10a ), while the heat transfer coefficient h decreases slowly (Figure 10b) . At the maximum fin number (N = 36, along the line AA' in Figure 9 ), the thermal resistance is minimized at a certain fin thickness. This is because, when N = 36, as the fin thickness increases, the heat transfer coefficient h decreases (Figure 10b ), whereas the fin efficiency and the effective surface area (ηNA f + A b ) increase (Figure 10a) . Finally, Figure 9 shows that a thermal resistance of 1.06 K/W can be achieved by optimizing the fin number and fin thickness of the inclined plate fin heat sink in the range of 9 < N < 36. For comparison, a contour map of the thermal resistances of cylinders with conventional radial plate fins, which are calculated from the Nusselt number correlation [15] , is presented in Figure 11 . It shows that the optimal thermal resistance is 1.50 K/W for the heat sink with radial plate fins.
the heat sink with radial plate fins.
Finally, the thermal resistances of cylinders with inclined plate fins and conventional radial plate fins, which are optimized in the range of 9 < N < 36, are compared in Figure 12 . This figure clearly shows that the thermal resistance of the optimized inclined plate fin heat sink with the inclination angle of 60° is 29.3% lower than that of the optimized radial plate fin heat sink. Therefore, we can conclude that cylinders with inclined plate fins perform better than those of cylinders with radial plate fins. fins, which are optimized in the range of 9 < N < 36, are compared in Figure 12 . This figure clearly shows that the thermal resistance of the optimized inclined plate fin heat sink with the inclination angle of 60° is 29.3% lower than that of the optimized radial plate fin heat sink. Therefore, we can conclude that cylinders with inclined plate fins perform better than those of cylinders with radial plate fins. Finally, the thermal resistances of cylinders with inclined plate fins and conventional radial plate fins, which are optimized in the range of 9 < N < 36, are compared in Figure 12 . This figure clearly shows that the thermal resistance of the optimized inclined plate fin heat sink with the inclination angle of 60˝is 29.3% lower than that of the optimized radial plate fin heat sink. Therefore, we can conclude that cylinders with inclined plate fins perform better than those of cylinders with radial plate fins. 
Conclusions
In the present paper, natural convection from vertical cylinders with inclined plate fins is investigated experimentally. Experimental investigations are performed for various inclination angles, fin numbers, and base temperatures. Although its applicability is limited to certain specific ranges (100,000 < RaDh < 600,000, 9 < N < 36, and 30° < α < 90°), the suggested correlation enables easy thermal performance calculation. Using the proposed correlation, a contour map depicting the thermal resistance as a function of the fin number and fin thickness is presented. Finally, the optimal thermal resistances of cylinders with inclined plate fins and conventional radial plate fins are compared. It is found that that the optimal thermal resistance of the cylinder with inclined fins is 30% lower than that of the cylinder with radial plate fins. Therefore, inclined plate fins have potential for use in cooling equipment in various thermal systems. 
Appendix B. Comparison of Nusselt Numbers for the Radial Heat Sinks Calculated Using the Proposed Correlation and Those from Experimental Data
In Figure B1 , the Nusselt numbers calculated from the correlation (Equation (16) ) are compared with those obtained from experimental data for the radial plate fin heat sinks presented in Reference [15] . As shown in Figure B1 , the correlation can predict the Nusselt numbers of the radial fin heat sinks within a ±30% error, despite the fact that the correlation is developed only for the inclined fin heat sinks. For predicting the Nusselt numbers for both of the inclined fin heat sinks and the radial fin heat sinks, we developed an alternative correlation as follows: In Figure B2 , the Nusselt numbers calculated from the correlation (Equation (B1)) are compared with those obtained from experimental data for the radial plate fin heat sinks and the inclined fin heat sinks. As shown in Figure B2 , the correlation can predict the Nusselt numbers of the radial plate fin heat sinks and the inclined fin heat sinks within a ±15% error. Therefore, we suggest the use of Equation (16) for the accurate prediction of Nusselt numbers for the inclined fin heat sinks (30° < α < 90°), and Equation (B1) can be used for the prediction of Nusselt numbers for both of the radial fin heat sinks and the inclined fin heats sinks. 
In Figure B1 , the Nusselt numbers calculated from the correlation (Equation (16) ) are compared with those obtained from experimental data for the radial plate fin heat sinks presented in Reference [15] . As shown in Figure B1 , the correlation can predict the Nusselt numbers of the radial fin heat sinks within a˘30% error, despite the fact that the correlation is developed only for the inclined fin heat sinks. For predicting the Nusselt numbers for both of the inclined fin heat sinks and the radial fin heat sinks, we developed an alternative correlation as follows:
Nu Dh " 6.21´1.90 lnpRa Dh q`0.19lnpRa Dh q
(B1)
In Figure B2 , the Nusselt numbers calculated from the correlation (Equation (B1)) are compared with those obtained from experimental data for the radial plate fin heat sinks and the inclined fin heat sinks. As shown in Figure B2 , the correlation can predict the Nusselt numbers of the radial plate fin heat sinks and the inclined fin heat sinks within a˘15% error. Therefore, we suggest the use of Equation (16) for the accurate prediction of Nusselt numbers for the inclined fin heat sinks (30˝< α < 90˝), and Equation (B1) can be used for the prediction of Nusselt numbers for both of the radial fin heat sinks and the inclined fin heats sinks. Energies 2016, 9, 391 14 of 15 Figure B1 . Nusselt numbers for radial fin heat sinks calculated using proposed correlation and those from experimental data [15] . Figure B2 . Nusselt numbers calculated using alternative correlation and those from experimental data. Figure B1 . Nusselt numbers for radial fin heat sinks calculated using proposed correlation and those from experimental data [15] .
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